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Abstract
Numerous preclinical studies have shown that the
naturally-occurring polyphenol resveratrol may
produce health-beneficial effects in a variety of
disorders, including cancer, diabetes, Alzheimer, and
cardiovascular diseases. Resveratrol has entered
clinical trials for the prevention and treatment of
several of these disorders. This polyphenol is also
available in the market as a dietary supplement.
Experimental data have shown, however, that
resveratrol induces DNA damage in a variety of cells.
Here we review such evidence and evaluate the
cytotoxicity of resveratrol (MTT assay) in cells deficient
in several major DNA repair pathways (i.e.,
homologous recombination, non-homologous end
joining, base excision repair, nucleotide excision repair,
mismatch repair, and Fanconi anemia repair). Cells
deficient in base excision repair (EM9), nucleotide
excision repair (UV4 and UV5) and Fanconi Anemia
(KO40)  were  s l igh t l y  hypersens i t i ve  to
resveratrol-induced cytotoxicity with respect to their
parental cells (AA8). Our results suggest that these
pathways may participate in the repair of the DNA
damage induced by resveratrol and that deficiencies in
these pathways may confer hypersensitivity to the
genotoxic activity of this dietary constituent.    
Introduction
Numerous studies have been conducted to assess the
possible health benefits of resveratrol. Preclinical
studies suggest that this dietary occurring stilbene
may confer protect ion against metabol ic,
cardiovascular and other age-related complications,
including neurodegeneration and cancer (1-19). Many
clinical trials have been conducted, or are ongoing or
recruiting participants, to evaluate the health benefits
of resveratrol in humans (https://clinicaltrials.gov/).
These trials have not shown relevant health benefits
so far. Because resveratrol is a natural constituent of
grapes and because grape consumption is not
associated with any type of toxicity, it is believed that
the potential health benefits of this compound will be
achieved without toxicity. This may explain why
resveratrol is readily available in the market and is
widely consumed as a dietary constituent.
Large cancer chemoprevention clinical trials have
demonstrated, however, that some dietary
constituents (i.e. beta-carotene, vitamin E) significantly
increased cancer risk (lung and prostate cancer,
respectively) when used in the form of dietary
supplements (20;21). The toxicity of some dietary
constituents may be mediated by their prooxidant and
DNA damaging activities (22-25). Inhibition of DNA
topoisomerase activity may also lead to genotoxic
damage, and several dietary constituents induce
topoisomerase-mediated DNA damage (23-43).
Although resveratrol is generally regarded as a safe
antioxidant, evidence suggests that resveratrol may
also induce genotoxicity, which may be mediated by
its pro-oxidant and topoisomerase poisoning activities
(27;30;37;38;44;45). Table 1 shows several reports in
which the DNA-damaging activity of resveratrol has
been evaluated in cells.
The DNA damage effect of resveratrol could be
enhanced in cells with specific DNA repair deficiencies.
For example, BRCA2 is a DNA repair gene involved in
the repair of double-strand DNA breaks. People with
mutations in BRCA2 have an increased cancer risk
because they are unable to properly repair this type of
DNA damage. These individuals would be
hypersensitive to the DNA damaging activity of dietary
agents that induce double-strand DNA breaks. People
without inherited mutations in DNA repair genes may
develop sporadic mutations in these genes during a
possible carcinogenesis process, and may therefore
become hypersensitive to dietary agents inducing
specific types of DNA damage. It is important,
therefore, to evaluate the cytotoxicity of common
dietary constituents in cells lacking an intact DNA
damage repair capacity.
Several major DNA repair pathways are known to
participate in the repair of most types of DNA damage.
These pathways include homologous recombination
(HR) repair, non-homologous end joining (NHEJ)
repair, base excision repair (BER), nucleotide excision
repair (NER), mismatch repair (MMR), Fanconi
anaemia (FA) repair. The choice of each of these
pathways mainly depends on the type of DNA damage
that occurs, although other factors (such as the phase
of the cell cycle) are known to play a role. Most of
these pathways incorporate a similar set of
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coordinated processes that include the detection of
DNA damage, the accumulation of DNA repair factors
at the site of damage and, finally, the physical repair of
the lesion (46;47). HR is involved in the repair of DNA
double-strand breaks, DNA inter-strand cross links
and damage encountered during DNA replication.
NHEJ is also involved in the repair of DSBs. In
contrast to HR, NHEJ ligates the two ends of a DSB
without the requirement of a homologous template.
NHEJ is error prone, because this process can cause
the deletion or mutation of nucleotides around the
DSB site. NHEJ occurs throughout the cell cycle, but
mainly in the G0/G1 phases. The BER pathway
repairs damaged bases (a single base or a short
strand containing a damaged base), abasic sites and
single strand breaks. Whereas BER repairs small base
damages, NER repairs some of the bulkier DNA
lesions that distort the DNA helical structure, such as
those induced by UV radiation and by some chemical
carcinogens. NER is divided into two sub-pathways:
the global genome NER (GG-NER) and the
transcription coupled NER (TC-NER). GG-NER
identifies and removes damages all over the genome
whereas TC-NER repairs actively transcribed genes.
Mismatch repair (MMR) plays an important role in
maintaining genomic stability by repairing small
insertions, deletions and base-base mismatches
caused by spontaneous and induced base
deamination, oxidation, methylation and replication
errors. Fanconi Anemia (FA) is a disorder
characterized by chromosomal instability, cancer
susceptibility, and a profound sensitivity to agents that
produce DNA interstrand cross-links. The FA pathway
is thought to mediate the repair of DNA interstrand
cross-links at replication forks, possibly by facilitating
ATR- and ATM-dependent checkpoint signaling and
activating HR repair (46;47). In this work, we have
used cell lines with defects HR, NHEJ, BER, NER,
MMR and FA to assess the effect of specific DNA
repair deficiencies on the cytotoxicity of resveratrol.
Methods
Chemicals and Cell lines
Resveratrol was purchased from Sigma. The effect of
resveratrol was studied in cells deficient in the
following DNA repair pathways: Homologous
recombination (HR), Non-homologous recombination
(NHEJ), Base excision repair (BER), Nucleotide
excision repair (NER), Mismatch repair (MMR) and
Fanconi anemia repair (FA) (47). Table 2 shows
additional information on these DNA repair deficient
cell lines and on their parental non-deficient
counterparts. The cell lines were maintained in DMEM
supplemented with 2 mM glutamine, 50 µg/mL
penicillin, 50 µg/mL streptomycin and 10% fetal bovine
serum, and were cultured at 37°C in a humidified
atmosphere containing 5% CO2 (48;49).
MTT cell proliferation assay
The MTT assay is a colorimetric technique that allow
the quantitative determination of cell viability (50). It is
based on the capability of viable cells to transform the
MTT salt  (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide) into formazan dye.
Exponentially growing cells were seeded into 96-well
plates and resveratrol was added 24 h later. After a
drug exposure period of 48h, cells were incubated with
MTT for 5h.  Then, 80 µl 20% SDS in 0.02 M HCl were
added, and the plates were incubated for 10 h at 37°C
before measuring optical densities at 540 nm on a
multiwell plate spectrophotometer reader. Cell viability
was expressed as percentage in relation to controls.
For statistical analysis we used the t-test (paired,
two-tailed). All data were averaged from at least two
independent experiments and were expressed as the
means ± standard error of the means (SEM).
Results and Discussion
Evidence has accumulated that some dietary
constituents may induce toxicity when used at higher
concentrations than those achieved in a normal diet.
For example, s ince the ant ioxidant agent
beta-carotene is found in vegetables and fruits and
because eating vegetables and fruits is associated
with a reduced risk of cancer, it seemed reasonable to
think that taking high doses of beta-carotene
supplements might reduce cancer risk. Preclinical
studies supported the possible cancer preventive
activity of this dietary constituent. In three major
clinical trials, people were given high doses of
beta-carotene (20-30 mg, which are approximately
10-times higher than those found in a diet rich in fruits
and vegetables) in an attempt to prevent lung cancer
and other cancers. These trials were stopped ahead of
schedule because two of them found beta-carotene
supplements to be associated with a higher risk of
lung cancer (20). It has also been found in another
major  chemoprevent ion t r ia l  that  d ietary
supplementation with vitamin E significantly increased
the risk of prostate cancer among healthy men(21).
The pro-oxidant activity of beta-carotene and vitamin E
may account for their toxicity, because pro-oxidant
compounds can increase the cellular levels of reactive
oxygen species (ROS), which are known to induce
carcinogenic effects. The inhibition of DNA
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topoisomerase is also known to lead to carcinogenic
effects, and some dietary constituents are able to
induce topoisomerase-mediated DNA damage
(25;51;52).
Because resveratrol can both induce pro-oxidant
activity and inhibit DNA topoisomerase function
(27;30;37;38;44;45), and because these activities can
lead to DNA damage, it is not surprising that this
dietary agent can induce DNA damage in a variety of
cells (Table 1). Some reports show that resveratrol
induces DNA damage in the low micromolar range
(Table 1). Human studies have shown that
supplementation of resveratrol leads to plasma
concentrations in the nanomolar-micromolar range
(53-55). This suggests that some tissues may be
exposed to carcinogenic concentrations of resveratrol
after dietary supplementation. This effect may be more
pronounced in people with heritable defects in genes
involved in DNA damage repair. During a possible
carcinogenic event, premalignant cells may acquire
mutations in DNA repair genes. This would make them
hypersensitive to the carcinogenic activity of
compounds that induce types of DNA damage that
require these DNA repair genes for repair. Therefore,
we considered relevant to evaluate the effect of
specific DNA repair deficiencies on the cytotoxicity of
resveratrol.
Our results show that cells lacking particular DNA
repair genes are sl ight ly but signif icant ly
hypersensitive to the cytotoxicity of resveratrol (Figure
1). In some cases, differences between the deficient
cell line and the parental cell line were observed in the
low micromolar range. These differences were mild
and require further investigation. However, our
preliminary findings support the view that the
supplementation of resveratrol at high concentrations
may induce carcinogenic effects under specific
conditions.
References
(1)  Bast ianet to S,  Menard C,  Quir ion R.
Neuroprotective action of resveratrol. Biochim Biophys
Acta 2015; 1852(6):1195-1201.
(2) Bhullar KS, Hubbard BP. Lifespan and healthspan
extension by resveratrol. Biochim Biophys Acta 2015;
1852(6):1209-1218.
(3) Conte E, Fagone E, Fruciano M, Gili E, Iemmolo M,
Vancheri C. Anti-inflammatory and antifibrotic effects
of resveratrol in the lung. Histol Histopathol 2015;
30(5):523-529.
(4) de Ligt M, Timmers S, Schrauwen P. Resveratrol
and obesity: Can resveratrol relieve metabolic
disturbances? Biochim Biophys Acta 2015;
1852(6):1137-1144.
(5) Kulkarni SS, Canto C. The molecular targets of
resveratro l .  Biochim Biophys Acta 2015;
1852(6):1114-1123.
(6) Novelle MG, Wahl D, Dieguez C, Bernier M, de
Cabo R. Resveratrol supplementation: Where are we
now and where should we go? Ageing Res Rev 2015;
21:1-15. doi: 10.1016/j.arr.2015.01.002.:1-15.
(7) Pasinetti GM, Wang J, Ho L, Zhao W, Dubner L.
Roles of resveratrol and other grape-derived
polyphenols in Alzheimer's disease prevention and
t reatment .  B ioch im B iophys Acta  2015;
1852(6):1202-1208.
(8) Poulsen MM, Fjeldborg K, Ornstrup MJ, Kjaer TN,
Nohr MK, Pedersen SB. Resveratrol and inflammation:
Challenges in translating pre-clinical findings to
improved patient outcomes. Biochim Biophys Acta
2015; 1852(6):1124-1136.
(9) Shrotriya S, Agarwal R, Sclafani RA. A perspective
on chemoprevention by resveratrol in head and neck
squamous cell carcinoma. Adv Exp Med Biol 2015;
8 1 5 : 3 3 3 - 4 8 .  d o i :
10.1007/978-3-319-09614-8_19.:333-348.
(10)Singh CK, Ndiaye MA, Ahmad N. Resveratrol and
cancer: Challenges for clinical translation. Biochim
Biophys Acta 2015; 1852(6):1178-1185.
(11)Szkudelski T, Szkudelska K. Resveratrol and
diabetes: from animal to human studies. Biochim
Biophys Acta 2015; 1852(6):1145-1154.
(12)Tou JC. Resveratrol supplementation affects bone
acquisition and osteoporosis: Pre-clinical evidence
toward translational diet therapy. Biochim Biophys
Acta 2015; 1852(6):1186-1194.
(13)Zordoky BN, Robertson IM, Dyck JR. Preclinical
and clinical evidence for the role of resveratrol in the
treatment of cardiovascular diseases. Biochim Biophys
Acta 2015; 1852(6):1155-1177.
(14)Aguirre L, Fernandez-Quintela A, Arias N, Portillo
MP. Resveratrol: anti-obesity mechanisms of action.
Molecules 2014; 19(11):18632-18655.
(15) Carter LG, D'Orazio JA, Pearson KJ. Resveratrol
and cancer: focus on in vivo evidence. Endocr Relat
Cancer 2014; 21(3):R209-R225.
(16) Pallas M, Ortuno-Sahagun D, Benito-Andres P,
Ponce-Regalado MD, Rojas-Mayorquin AE.
Resveratrol in epilepsy: preventive or treatment
opportunities? Front Biosci (Landmark Ed) 2014;
19:1057-64.:1057-1064.
WebmedCentral > Research articles Page 4 of 10
WMC004885 Downloaded from http://www.webmedcentral.com on 01-May-2015, 02:13:29 PM
(17) Raj P, Louis XL, Thandapilly SJ, Movahed A,
Zieroth S, Netticadan T. Potential of resveratrol in the
treatment of heart failure. Life Sci 2014; 95(2):63-71.
(18) Rege SD, Geetha T, Griffin GD, Broderick TL,
Babu JR. Neuroprotective effects of resveratrol in
Alzheimer disease pathology. Front Aging Neurosci
2014; 6:218. doi: 10.3389/fnagi.2014.00218.
eCollection;%2014.:218.
(19) Yang X, Li X, Ren J. From French Paradox to
cancer treatment: anti-cancer activities and
mechanisms of resveratrol. Anticancer Agents Med
Chem 2014; 14(6):806-825.
(20) Goodman GE, Thornquist MD, Balmes J, Cullen
MR, Meyskens FL, Jr., Omenn GS et al. The
Beta-Carotene and Retinol Efficacy Trial: incidence of
lung cancer and cardiovascular disease mortality
during 6-year follow-up after stopping beta-carotene
and retinol supplements. J Natl Cancer Inst 2004;
96(23):1743-1750.
(21) Klein EA, Thompson IM, Jr., Tangen CM, Crowley
JJ, Lucia MS, Goodman PJ et al. Vitamin E and the
risk of prostate cancer: the Selenium and Vitamin E
Cancer Prevention Trial (SELECT). JAMA 2011;
306(14):1549-1556.
(22) Galati G, O'Brien PJ. Potential toxicity of
flavonoids and other dietary phenolics: significance for
their chemopreventive and anticancer properties. Free
Radic Biol Med 2004; 37(3):287-303.
(23)Burgos-Moron E, Calderon-Montano JM, Orta ML,
Pastor N, Perez-Guerrero C, Austin C et al. The coffee
constituent chlorogenic acid induces cellular DNA
damage and formation of topoisomerase I- and II-DNA
complexes in cells. J Agric Food Chem 2012;
60(30):7384-7391.
(24) Lopez-Lazaro M, Calderon-Montano JM,
Burgos-Moron E, Austin CA. Green tea constituents
(-)-epigallocatechin-3-gallate (EGCG) and gallic acid
induce topoisomerase I- and topoisomerase II-DNA
complexes in cells mediated by pyrogallol-induced
hydrogen peroxide. Mutagenesis 2011; 26(4):489-498.
(25) Lopez-Lazaro M, Willmore E, Jobson A, Gilroy KL,
Curtis H, Padget K et al. Curcumin induces high levels
of topoisomerase I- and II-DNA complexes in K562
leukemia cells. J Nat Prod 2007; 70(12):1884-1888.
(26) Azarova AM, Lin RK, Tsai YC, Liu LF, Lin CP, Lyu
YL. Genistein induces topoisomerase IIbeta- and
proteasome-mediated DNA sequence rearrangements:
Implications in infant leukemia. Biochem Biophys Res
Commun 2010; 399(1):66-71.
(27)Baechler SA, Schroeter A, Dicker M, Steinberg P,
Marko D. Topoisomerase II-targeting properties of a
grapevine-shoot extract and resveratrol oligomers. J
Agric Food Chem 2014; 62(3):780-788.
(28) Bandele OJ, Osheroff N. Bioflavonoids as poisons
of human topoisomerase II alpha and II beta.
Biochemistry 2007; 46(20):6097-6108.
(29)Bandele OJ, Clawson SJ, Osheroff N. Dietary
polyphenols as topoisomerase II poisons: B ring and C
ring substituents determine the mechanism of
enzyme-mediated DNA cleavage enhancement. Chem
Res Toxicol 2008; 21(6):1253-1260.
(30) Basso E, Fiore M, Leone S, Degrassi F, Cozzi R.
Effects of resveratrol on topoisomerase II-alpha
activity: induction of micronuclei and inhibition of
chromosome segregation in CHO-K1 cells.
Mutagenesis 2013; 28(3):243-248.
(31)Bensasson RV, Zoete V, Jossang A, Bodo B,
Arimondo PB, Land EJ. Potency of inhibition of human
DNA topoisomerase I by flavones assessed through
physicochemical parameters. Free Radic Biol Med
2011; 51(7):1406-1410.
(32) Cantero G, Campanella C, Mateos S, Cortes F.
Topoisomerase II inhibition and high yield of
endoreduplication induced by the flavonoids luteolin
and quercetin. Mutagenesis 2006; 21(5):321-325.
(33)Chowdhury AR, Sharma S, Mandal S, Goswami A,
Mukhopadhyay S, Majumder HK. Luteolin, an
emerging anti-cancer flavonoid, poisons eukaryotic
DNA topoisomerase I. Biochem J 2002; 366(Pt
2):653-661.
(34) Constantinou A, Stoner GD, Mehta R, Rao K,
Runyan C, Moon R. The dietary anticancer agent
e l lag ic  ac id is  a potent  inh ib i tor  of  DNA
topoisomerases in vitro. Nutr Cancer 1995;
23(2):121-130.
(35) Jang SY, Bae JS, Lee YH, Oh KY, Park KH, Bae
YS. Caffeic acid and quercitrin purified from
Houttuynia cordata inhibit DNA topoisomerase I
activity. Nat Prod Res 2011; 25(3):222-231.
(36)Kalfalah FM, Mielke C, Christensen MO, Baechler
S, Marko D, Boege F. Genotoxicity of dietary,
environmental and therapeutic topoisomerase II
poisons is uniformly correlated to prolongation of
enzyme DNA residence. Mol Nutr Food Res 2011; 55
Suppl 1:S127-S142.
(37)Leone S, Cornetta T, Basso E, Cozzi R.
Resveratrol induces DNA double-strand breaks
through human topoisomerase II interaction. Cancer
Lett 2010; 295(2):167-172.
(38)Leone S, Basso E, Polticelli F, Cozzi R.
Resveratrol acts as a topoisomerase II poison in
WebmedCentral > Research articles Page 5 of 10
WMC004885 Downloaded from http://www.webmedcentral.com on 01-May-2015, 02:13:29 PM
human g l ioma ce l ls .  In t  J  Cancer  2012;
131(3):E173-E178.
(39)Lopez-Lazaro M, Martin-Cordero C, Toro MV,
Ayuso MJ. Flavonoids as DNA topoisomerase I
poisons. J Enzyme Inhib Med Chem 2002; 17(1):25-29.
(40) Lopez-Lazaro M, Willmore E, Austin CA. Cells
lacking DNA topoisomerase II beta are resistant to
genistein. J Nat Prod 2007; 70(5):763-767.
(41)Lopez-Lazaro M, Willmore E, Austin CA. The
dietary flavonoids myricetin and fisetin act as dual
inhibitors of DNA topoisomerases I and II in cells.
Mutat Res 2010; 696(1):41-47.
(42) Olaharski AJ, Mondrala ST, Eastmond DA.
Chromosomal malsegregation and micronucleus
induction in vitro by the DNA topoisomerase II inhibitor
fisetin. Mutat Res 2005; 582(1-2):79-86.
(43) Strick R, Strissel PL, Borgers S, Smith SL,
Rowley JD. Dietary bioflavonoids induce cleavage in
the MLL gene and may contribute to infant leukemia.
Proc Natl Acad Sci U S A 2000; 97(9):4790-4795.
(44) Matsuoka A, Furuta A, Ozaki M, Fukuhara K,
Miyata N. Resveratrol, a naturally occurring
polyphenol, induces sister chromatid exchanges in a
Chinese hamster lung (CHL) cell line. Mutat Res 2001;
494(1-2):107-113.
(45)    Schmitt E, Lehmann L, Metzler M, Stopper H.
Hormonal and genotoxic activity of resveratrol. Toxicol
Lett 2002; 136(2):133-142.
(46)    Lord CJ, Ashworth A. The DNA damage
response and cancer therapy. Nature 2012;
481(7381):287-294.
(47)    Calderon-Montano JM, Burgos-Moron E, Orta
ML, Lopez-Lazaro M. Effect of DNA repair deficiencies
on the cytotoxicity of drugs used in cancer therapy - a
review. Curr Med Chem 2014; 21(30):3419-3454.
(48)    Calderon-Montano JM, Burgos-Moron E, Orta
ML, Pastor N, Perez-Guerrero C, Austin CA et al.
Guanidine-reactive agent phenylglyoxal induces DNA
damage and cancer cell death. Pharmacol Rep 2012;
64(6):1515-1525.
(49)    Orta ML, Calderon-Montano JM, Dominguez I,
Pastor N, Burgos-Moron E, Lopez-Lazaro M et al.
5-Aza-2'-deoxycytidine causes replication lesions that
require Fanconi anemia-dependent homologous
recombination for repair. Nucleic Acids Res 2013;
41(11):5827-5836.
(50)Lopez-Lazaro M. A Simple and Reliable Approach
for Assessing Anticancer Activity In Vitro. Curr Med
Chem 2015; 22(11):1324-1334.
(51) Mistry AR, Felix CA, Whitmarsh RJ, Mason A,
Reiter A, Cassinat B et al. DNA topoisomerase II in
therapy-related acute promyelocytic leukemia. N Engl
J Med 2005; 352(15):1529-1538.
(52)Strick R, Strissel PL, Borgers S, Smith SL, Rowley
JD. Dietary bioflavonoids induce cleavage in the MLL
gene and may contribute to infant leukemia. Proc Natl
Acad Sci U S A 2000; 97(9):4790-4795.
(53)Boocock DJ, Faust GE, Patel KR, Schinas AM,
Brown VA, Ducharme MP et al. Phase I dose
escalation pharmacokinetic study in healthy volunteers
of resveratrol, a potential cancer chemopreventive
agent. Cancer Epidemiol Biomarkers Prev 2007;
16(6):1246-1252.
(54)Brown VA, Patel KR, Viskaduraki M, Crowell JA,
Perloff M, Booth TD et al. Repeat dose study of the
cancer chemopreventive agent resveratrol in healthy
volunteers: safety, pharmacokinetics, and effect on the
insulin-like growth factor axis. Cancer Res 2010;
70(22):9003-9011.
(55) Walle T, Hsieh F, DeLegge MH, Oatis JE, Jr.,
Walle UK. High absorption but very low bioavailability
of oral resveratrol in humans. Drug Metab Dispos
2004; 32(12):1377-1382.
WebmedCentral > Research articles Page 6 of 10




WebmedCentral > Research articles Page 7 of 10
WMC004885 Downloaded from http://www.webmedcentral.com on 01-May-2015, 02:13:29 PM
Illustration 2
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